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1 Abstract
The α phase of Ga2O3 is an ultra-wideband semiconductor with potential power
electronics applications. In this work, we calculate the low field electron mobility
in α − Ga2O3 from first principles. The 10 atom unit cell contributes to 30
phonon modes and the effect of each mode is taken into account for the transport
calculation. The phonon dispersion and the Raman spectrum are calculated
under the density functional perturbation theory formalism and compared with
experiments. The IR strength is calculated from the dipole moment at the Γ
point of the Brillouin zone. The electron-phonon interaction elements (EPI)
on a dense reciprocal space grid is obtained using the Wannier interpolation
technique. The polar nature of the material is accounted for by interpolating
the non-polar and polar EPI elements independently as the localized nature of
the Wannier functions are not suitable for interpolating the long-range polar
interaction elements. For polar interaction the full phonon dispersion is taken
into account. The electron mobility is then calculated including the polar, non-
polar and ionized impurity scattering.
2 Introduction
Gallium oxide (Ga2O3) has emerged as a promising candidate for power elec-
tronics, RF and UV optoelectronic applications due to its large bandgap (4.3−
5.3eV ). It is known to exist in 6 polymorphs of α, β, γ, δ,  [1] and κ [2]. Of the
known polymorphs, β phase is the most thermodynamically stable phase [3] and
hence it is also the most extensively studied phase. It has a bandgap of about
4.7-4.9 eV [4] which results in a very high critical field strength ( 8 MV/cm) and
a high BFoM [4, 5] compared to SiC and GaN which currently dominate the
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high power device market. Lateral transistor with breakdown voltage of 1.8 kV
[6], Schottky barrier diodes [7, 8] and vertical transistors [9] have been demon-
strated using the β −Ga2O3. In addition, (AlGaO/GaO) heterostructures [10]
are also explored to achieve high electron mobility, since the β phase is known
to have low bulk electron mobilities owing to high polar optical phonon scatter-
ing [11]. On the contrary, α−Ga2O3 has received comparatively less attention
as it is thermodynamically semi-stable making its synthesis challenging which
requires high growth temperatures (> 4300C) and pressures [12]. However, re-
cently thin films were successfully grown under low temperature conditions on
sapphire substrate using atomic layer deposition technique [12] paving way for
the low cost substrates. High quality α−Ga2O3 films are also grown by lateral
epitaxial overgrowth techniques by HVPE with low background densities [13].
It is structurally analogous to corundum α − Al2O3 (R3 − c) and thus can be
potentially alloyed with corundum to fabricate tunable bandgap structures and
with materials such as Cr2O3 and Fe2O3 for magnetoelectric applications. It
has a higher bandgap ( 5.3 eV) [14] when compared to the β phase, hence a
better performance is expected for high power device applications.
There have been extensive studies on the mechanism of electron transport in
β − Ga2O3 under both the low and high field conditions [11, 15]. In contrast,
very few reports exist on understanding the fundamental transport mechanism
in α-phase. With the maturity in the growth of the α phase, it is important to
investigate the transport phenomena in α−Ga2O3 to design better devices and
optimize performance. There are few reports on the electronic structure and
the optical properties of the α phase [3] and none on the theoretical study of
electron transport.
α − Ga2O3 is a polar semiconductor due to the electronegativity difference of
the constituent atoms and hence there arises a need to investigate two types
of electron-phonon scattering i.e. the polar optical phonon scattering which is
the most dominant scattering mechanism inβ−Ga2O3 and the non-polar defor-
mation potential scattering. A large unit cell results in multiple phonon modes
contributing to the scattering process making the analysis challenging. In this
work, we calculate from the first principles the dominant scattering mechanism
among the long range polar scattering, the short range non polar scattering
and the ionized impurity scattering. A mode-by-mode analysis of the dominant
scattering mechanism limiting the low field electron mobility is also presented.
3 Theory and Methods
3.1 Computational Methods
We use Quantum Espresso [16, 17], a planewave pseudopotential based DFT
package for our calculation. All the calculations in the present work is done
under the Local Density Approximation (LDA) for the exchange-correlation
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Figure 1: The 10 atom conventional cell of α−Ga2O3 where unlike β−Ga2O3,
all the Gallium atoms have the same co-ordination
functional. In our calculations, we have used a 10 atom rhombohedral primitive
cell which has 4 equivalent Ga (Gallium) atoms in distorted octahedral sites and
6 O (Oxygen) atoms as shown in the fig1 along with the first Brillouin zone
generated using XCrysden [18] and Vesta [19] whereas the conventional cell has
30 atoms.
We first start with the structural relaxation after accounting for the conver-
gence in the planewave energy cutoff and the reciprocal space grid. We have
used the cutoff energy for planewave expansion of 1088eV , charge density cutoff
of 4352eV and a Γ centered grid of size 6×6×6 by checking for the convergence
of the total energy. We have taken the Gallium 3d orbitals as the part of the
valence bands when choosing the pseudopotential. After the structural relax-
ation, we perform the atomic relaxation to minimize the forces on the atoms
(< 1e−4Ry/Bohr) which otherwise might give spurious results due to the struc-
tural instability during the lattice dynamics calculations. The relaxed structural
parameters given in table1 [20] are dependent on the type of the pseudopotential
used during the self-consistent run.
3
Lattice Parameters
Property ThisWork Experiment[20]
a (A) 4.9876 4.983
c (A) 13.3593 13.433
Fractional Coordinates
z (Ga) 0.3565 0.3554
x (O) 0.3018 0.3049
Table 1: The lattice parameters obtained after the structural and atomic relax-
ation, showing close match with the experimentally observed values
3.2 Electronic Structure
The electronic structure is calculated under the local density approximation,
as such it underestimated the band gap which is a well known problem aris-
ing mainly due to the error in the self-interaction correction by the exchange-
correlation functional. The bandgap problem can be overcome by use of higher
order XC (exchange-correlation) functionals, and there are some results of this
in the literature which estimates the α − Ga2O3 indirect bandgap of 5.03eV
and a direct bandgap of 5.08eV [3]. Since the low field electron transport is not
impacted by the bandgap, we use LDA band structure in our calculations as
shown in the fig2. After computing the converged charge density on a coarse
reciprocal space grid of size 6×6×6, we employ the technique of Wannier inter-
polation [21, 22, 23] to obtain the electronic structure on a fine grid. The idea
behind the Wannier interpolation is to do a unitary rotation of the Hamiltonian
from the Bloch space to the localized Wannier space and then rotating it back
to the fine grid in the Bloch space. This is done using the maximally localized
Wannier functions where the Hamiltonian in the Wannier space is given as:
HelRe,Re′ =
∑
k
e−ik.(Re−Re′ )U†kH
el
kUk (1)
where Helk is the electronic Hamiltonian in the coarse Bloch space, Re is
the Wigner-Seitz cell centers and U are the unitary rotation matrices for band
mixing and gauge transformation. During the interpolation using Wannier func-
tions, we also check for the spatial localization of the electronic Hamiltonian and
the phonon Dynamical matrix, the plots of which are shown in fig3a and fig3b
respectively. The figures clearly shown qualitatively the spatial decay of the
Hamiltonian and the Dynamical matrix in the real space. The plot of the par-
tial density of states shows that the valence band is formed by the O 2p orbitals
and the conduction band by the Ga 4s orbitals, similar to that observed in
β −Ga2O3. The calculated effective mass is 0.25*m0, which is comparable to
the previous reported value [3]. The effective mass is slightly lower than the
β phase (0.3) [11], which should help in increasing the electron mobility when
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compared to the β phase.
Figure 2: The LDA electronic structure using the DFT calculation in the IBZ.
Primarily an indirect bandgap with valence band maxima at point F(0.5 0.5 0)
and conduction band minima at Γ point, but the difference between the two
band gaps in very less
(a) Dynamical matrix (b) Hamiltonian
Figure 3: The decay of the dynamical matrix in real space representing the
quality of localization using the Wannier Functions. b). The decay of the
Hamiltonian in the real space
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Figure 4: The phonon dispersion obtained by the Fourier interpolation of the dy-
namical matrix with the inclusion of the non-analytical term for the macroscopic
electric field resulting in the LO-TO split represented by the discontinuities at
the Γ point toward the Z and the L directions
3.3 Lattice Dynamics
We then use the density functional perturbation theory [24], a linear response
theory as implemented in the Quantum Espresso package to calculate the lattice
dynamical properties. A 6 × 6 × 6 reciprocal space phonon wavevector grid is
used for this calculation to obtain the polarization vectors and the perturbation
in the potential due to the atomic vibration. To calculate the phonon dispersion
along the directions of the electronic structure in the irreducible wedge of the
Brillouin zone, the dynamical matrix is interpolated using the Fourier interpo-
lation technique and then diagonalized on a dense grid. The resulting phonon
spectrum is shown in the fig4. The long range correction to the dynamical
matrix arising from the coupling of the macroscopic field with the LO modes,
which shifts the energy of the LO mode, is taken into account by explicitly
adding the non-analytical term to the dynamical matrix before diagonalization.
We can see the discontinuity (circled in red) in the phonon spectrum in the fig4
at the Γ point arising due to the split between the LO and TO modes.
The polar nature of the material results in charges on the ions which maybe
more than the oxidation state of the isolated ion. It is known as Born effective
charge which is a tensor quantity. It is calculated at the Γ point along with the
high frequency dielectric tensor. Both these quantities are related to the atomic
polarization. The DC dielectric constant is obtained using the LST (Lyddane-
Sachs-Teller) relation. As shown in table2, the high frequency dielectric tensor
is nearly isotropic, with the space group symmetry resulting in xx = yy and
a small anisotropy in zz but the DC dielectric constant captures anisotropy
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arising due to the IR (infrared) mode polarization directions and the resulting
direction dependent LO-TO split.
X Y Z
TO(meV ) LO(meV ) TO(meV ) LO(meV ) TO(meV ) LO(meV )
27.2686 27.2748 27.2686 27.2748 33.4148 53.978340.5946 46.3179 40.5946 46.3179
57.0628 67.7224 57.0628 67.7244 66.0624 83.604968.35 84.5809 68.35 84.5809
∞xx = 4.62 ∞xx = 4.62 ∞xx = 4.465
DC = 12.9816 DC = 12.9816 DC = 18.6645
Table 2: Anisotropic LO-TO split resulting in the large difference of the DC
dielectric constant obtained using the LST relation. This is the consequence
of the anisotropic polarization of the phonon modes where the x and y (Eu)
direction shows equal split because of degeneracy with the maximum split in
the z (A2u) direction
There are 27 optical modes in α−Ga2O3 and the symmetry reduction results
in 10 IR active modes as shown in the fig5. Of the 10 IR modes, 4 modes are
doubly degenerate with the mechanical representation as 2A2u + 4Eu. The
net dipole moment of the 4(doubly degenerate) modes are polarized in the x
and y cartesian directions (Eu) as shown in fig6 & fig7 respectively and the
remaining 2 modes are polarized in the z direction (A2u) shown in fig8. The
directional polarization is captured in the DC dielectric constant and the LO-TO
split. The strength of each of the IR active modes is directly proportional to the
dipole moment and is calculated as the product of the Born effective charge and
the atomic displacement pattern at the Brillouin zone centre. Table3 shows the
comparison between the calculated IR active frequencies and the experimentally
observed frequencies [25], showing a close match.
IR Modes (cm−1)
Calculated Experimental[25]
Eu
220.88 Not Observed
328.82 333.4
462.21 469.9
553.64 562.7
A2u
270.66 280
535.11 544
Table 3: Comparison of the calculated IR frequencies with the experimental ob-
servations where the degenerate modes Eu are polarized in the x and y cartesian
directions and the A2u modes are polarized in the z cartesian direction
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Figure 5: The IR strength calculated using the product of the Born effective
charge and the displacement pattern for the active modes. The 10th mode is
the strongest mode and is expected to contribute most to the polar optical
scattering rate
Figure 6: The net dipole mo-
ment of this mode is in the x
cartesian direction Exu
Figure 7: The net dipole mo-
ment of this mode is in the y
cartesian direction Eyu
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Figure 8: The net dipole moment of this mode is in the z cartesian direction
A2u
There are 12 Raman active modes in α−Ga2O3 where 5 modes are doubly
degenerate represented as 2A1g + 5Eg. The non-resonant Raman coefficients
are calculated under the formalism proposed by Lazzeri et.al [26] and is im-
plemented in the Quantum Espresso package. The calculated Raman spectra
closely matches the spectra contained experimentally[27] as shown in the fig9.
The slight shift in the theoretical values compared to the experimental results
may arise due to the dependence of the structural parameters on the pseudopo-
tential used in the self-consistent calculation. Table4 compares the theoretical
Raman frequencies with the experimental observations.
Raman Modes (cm−1)
Calculated Experiment[27] Experiment
Eg
236.63 240.7 Not Observed
282.62 285.3 286
315.2 328.8 328
426.72 430.7 431
669.19 686.7 688
A1g
210.32 218.2 218
555.17 569.7 576
Table 4: Comparison of the calculated non-resonant Raman frequencies with the
experimental observations. Experiment 2 corresponds to the spectrum shown
in fig10 where the first frequency is not observed
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Figure 9: The calculated Raman spectrum using the Lazzeri et.al formalism
implemented in the QE package
Figure 10: The experimentally observed Raman spectrum obtained by our col-
laborators at U. Michigan
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4 Scattering Rates
The scattering rate is proportional to square of the EPI (electron − phonon)
interaction elements which are calculated from the perturbation in the potential
due to the lattice motion. The elements are the strength of transition from one
state to another and are calculated by taking the overlap of the wavefunctions
of the initial and final state in the presence of a perturbing potential. The
generalized EPI element is given as:
gel−ph =< ψk+q |
∂Vscf
∂q
| ψk > (2)
where ψ is electronic wavefunction and ∂Vscf is the perturbed potential due
to lattice motion. We calculate the scattering rate using the Fermi’s Golden
rule. The q space integration in the Fermi’s golden rule is carried out using the
technique of Gaussian smearing for the energy conservation δ function. In the
present calculation, we have used the parabolic band approximation with an
isotropic effective mass. The fig12 shows the polar optical phonon scattering,
the non-polar scattering and the ionized impurity scattering rate calculated
at 300K. We have taken the donor density of 1e17cm−3 with donor activation
energy of 31meV [11] assuming Silicon as the donor material.
4.1 Polar Optical Phonon Scattering
To calculate the polar optical phonon EPI elements, we use the Vogl model [28]
under two different schemes. The Frohlich model that is widely used to estimate
the EPI elements has a major drawback; it does not consider the anisotropy
in the dipole moment and assumes the LO modes to be dispersion less. The
Frohlich interaction elements are given by:
gel−phqν =
i
| q |
√
e2h¯ων
20Ω
(
1
∞
− 1
s
) (3)
where ω is the phonon frequency of a given mode at the Γ point, Ω is the
normalization volume, ∞ is the spatially averaged high frequency dielectric
constant and s is the static dielectric constant. From the equation, it is clear
that taking the spatial average of the dielectric constant leads to the averaging
of the anisotropic effects and also it does not take into consideration the polar-
ization direction of each mode of the phonon spectrum.
To incorporate the anisotropy in the EPI elements, we use the Vogl model.
In the first scheme, we still assume the phonon spectrum to be dispersion less,
but we take the projection of the dipole moment for each mode onto the phonon
wavevector thus accounting for the anisotropic LO-TO split. The expression for
the EPI elements used under this scheme is given by [29]:
gqν = i
e2
Ω0
∑
j
√
h¯
2Mjωjν
q.Zeff .ejν
∞(| q |2 +q2scr)
(4)
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where, Zeff is the Born effective charge, eν is the phonon eigenvector for each
atom in the unit cell at the Γ point, ων is the phonon frequency of each mode,
Mj is the atomic mass of each of the constituent atoms and qscr is the Thomas-
Fermi screening wavevector. The inclusion of the screening term circumvents
the divergence at q = 0 [29]. The high frequency dielectric constant is nearly
spatially isotropic; hence we take the average of the trace of the dielectric tensor.
The screening wavevector is calculated from the Fermi energy and is expressed
as:
qscr =
√
6pine2
Ef
(5)
where, Ef is the Fermi energy and n is the charge density. One of the draw-
backs of this assumption is the approximation of the dispersion less phonon
spectrum. This approximation overestimates the scattering rate when compared
to the full phonon dispersion, as can be seen in the fig13. The net strength
of the dipole moment decreases moving away from the Γ point and hence the
contribution from the q point to the scattering rate also decreases. However,
this is not the case when we assume dispersion less phonon spectrum. The EPI
elements in this case only decay because of the increase in the magnitude of
the phonon wavevector as the dipole moment remains constant. From the plot
of the IR spectrum in fig5, we see that the 10th (270.66 cm−1) mode has the
maximum IR strength and hence is expected to contribute most to the scatter-
ing rate. Moreover, the phonon occupancy of this mode (270.66 cm−1) 33meV
is high at room temperature which will again play a major role in determining
the dominant scattering mode. The mode dependent plot of the bulk scattering
rate in fig11 clearly shows the dominant mode. Also, from the figure, we can
see sharp emissions depicted by the sudden change in slope, depending on the
energy of each mode. Another noteworthy point is that the degenerate energy
levels have different scattering rates arising due to the anisotropy which is av-
eraged out when calculating the electron mobility.
In the second scheme, we consider the full phonon dispersion, but we do not
explicitly include any screening. We only use the high frequency dielectric con-
stant tensor to screen the LO phonons arising due to the valence electrons.
The generalized expression for the Vogl model for the polar optical phonon EPI
elements proposed by Carla Verdi et.al [30] is given as:
gel−phν (k,q) = i
4pi
Ω
e2
4pi0
∑
κ(
h¯
2NMκωqν
)
1
2
∑
G6=−q
(q+G).Zκ.eκν(q)
(q+G).∞.(q+G)e
−iτκ.(q+G)[U†k+qUk] (6)
where, τ is the atomic position, ω is the phonon frequency and U are the unitary
rotation matrices. The sum is over all the reciprocal lattice vectors G and the
number of atoms in the unit cell. WE have used 64000 k points and 68921 q
points for the EPI calculation. The product of U matrices accounts for the over-
lap of the wavefunction and can be obtained during the Wannier interpolation.
The polar optical phonon scattering rate is shown in the fig12.
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Figure 11: Mode-wise Polar optical phonon scattering rate considering no
phonon dispersion and parabolic band approximation with the 33 meV mode
contributing maximum to the scattering rate. Also, sharp changes in the slope
of the rates corresponding to different emission energies for each mode can be
observed
4.2 Non Polar Scattering
The non polar EPI elements are calculated using the EPW code [31]. The total
electron phonon interaction elements calculated using equation2, is split into
the longrange and the shortrange component g = gL+gS for interpolation from
coarse grid onto a fine grid using the Wannier functions. The longrange part of
the EPI elements cannot be interpolated using the Wannier functions because
of the localized nature of the Wannier functions in the real space.
The shortrange elements consist of deformation potential scattering elements
(both optical and acoustic). Once the shortrange EPI elements are calculated
on a coarse grid, the interpolation on to a fine grid is done in two steps: firstly,
the EPI elements in the Wannier space is interpolated onto a fine reciprocal
space phonon wavevector grid i.e phonon Bloch representation. The resulting
interaction elements are now in the electronic Wannier space and fine phonon
Bloch space. We extract the EPI’s at this stage and then use the Fourier in-
terpolation to calculate the elements on a fine electronic Bloch space given as
[32]:
g(k,q) =
1
Ne
∑
Re
eik.ReUk+qg(Re,q)U
†
k (7)
where g(k,q) are the EPI elements on a fine electron and phonon reciprocal
space grid, Ne is the degeneracy of the Wigner-Seitz cell, Re is the Wigner-Seitz
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cell center, g(Re, q) is the EPI elements on a fine phonon grid in Bloch space
and electronic Wannier space. The unitary rotation matrices are unity in our
case, since the number of bands inside the energy window used during the pro-
cess of Wannierization [22, 23] is just one i.e the lowermost conduction band.
Such band mixing is done to remove non-analyticity in the bands which may
arise due to the band crossing making the maximal localization of the Wannier
functions challenging.
To calculate the scattering rate, we use the Fermi’s Golden rule, by interpo-
lating the EPI elements on a fine k and q point grid on the fly and using
Gaussian smearing for energy conservation. For the shortrange scattering rate
calculation, we have used around 45000 q points and 55000 k points distributed
uniformly inside the Brillouin zone. We have covered only 15% of the Brillouin
zone, because large phonon wavevectors will not contribute to the scattering
process due to the unavailability of equivalent valleys to account for such a
large momentum change.
4.3 Ionized Impurity Scattering
The ionized impurity scattering rate is calculated using the Brooks Herring
model [33] with a constant Debye like screening. The analytic expression for
the momentum relaxation time for the ionized impurity scattering is given by
[34]:
τm(p) =
16 ∗ √2m∗piκ2s20
NIq4
[log (1 + γ2)− γ
2
1 + γ2
]2E
3
2 (p) (8)
where γ is the function of the Debye length, κ is the DC dielectric constant,
p is the electron momentum and NI is the total impurity concentration. In
fig12 we can see that at very low energies, the ionized impurity scattering is
the dominant mechanism and it falls off rapidly with the increase in the electron
energy since the duration of interaction of the screened field with the electron
decreases. We have used the spatially averaged DC dielectric constant, thus
loosing information about anisotropy that arises due to the LO-TO split as is
evident from table2.
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Figure 12: The green, orange and the blue curves show the 3 different scattering
mechanisms- POP, DP and II respectively at 300K. The POP scattering is the
dominant mechanism
Figure 13: The comparison of the POP scattering rates considering full phonon
dispersion (blue) and no dispersion (orange). Clearly, the no dispersion scatter-
ing rate is high because moving away from the Γ point reduces the net dipole
moment
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5 Electron Mobility
In this study, we use the relaxation time approximation to calculate the electron
mobility which is given by:
µ =
e << τ >>
m
(9)
where, µ is the electron mobility in cm2/V s, e is the electronic charge, m
is the electron effective mass and τ is the average relaxation time. The average
value is calculated as [35]:
<< τ >>=
∫ E
0
∂f0
∂E τ(E)E
3
2∫ E
0
∂f0
∂E E
3
2
(10)
where, f0 is the equilibrium Fermi-Dirac distribution, E is the electron
energy and τ is the relaxation time. We calculate the mobility for all the
three different scattering mechanism we have accounted for and then use the
Matthiessen’s rule to calculate the overall electron mobility which is given as:
1
µ
=
1
µPOP
+
1
µNP
+
1
µII
(11)
where, µPOP , µNP and µII is the mobility due to the polar optical phonon,
non-polar and ionized impurity scattering respectively. We do this calculation
at 300K and the bulk electron mobility obtained is about 174cm2/V s. This
is dominated by the POP (300cm2/V s)and non-polar phonon (420cm2/V s) as
compared to the ionized impurity scattering. These calcualted values are just the
first order approximation to the electron mobility. Using better approximation
to solve the Boltzmann transport equation would be through the Rode’s iterative
technique can increase the mobility by around 30− 40% . Also the inclusion of
screening will result in the further increase of electron mobility.
6 Conclusion
We have theoretically investigated the electron-phonon coupling in α −Ga2O3
and estimated the low field electron mobility at 300K. We take into account
the polar optical phonon, ionized impurity and deformation potential scatter-
ing for the mobility calculation. The polar optical phonon interaction elements
were estimated assuming dispersion less phonon spectrum and also with the
full phonon dispersion. The DC dielectric constant was calculated using LST
relation which clearly shows strong anisotropy in the z cartesian direction. The
infrared and the Raman spectrum was calculated and compared with the ex-
periments showing close match.
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